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Heavy ion beam probing (HIBP) is a unique diagnostic for core plasma potential. It operates in the T-10 tokamak
and TJ-11 flexible heliac. Multi-slits energy analyzers provide simultaneously the data on plasma potential ¢ (by
beam extra energy), plasma density (by beam current) and B, (by beam toroidal shift) in 5 poloidally shifted
sample volumes. Thus, the poloidal electric field and the electrostatic turbulent particle flux are derived. The fine
focused (<1cm) and intense (100 uA) beams provide the measurements in the wide density interval
ne=(0.3...5)x10"° m®, while the advanced control system for primary and secondary beams provides the
measurements in the wide range of the plasma currents in T-10 and magnetic configurations in TJ-II, including
Ohmic, ECR and NBI heated plasmas. Low-noise high-gain (10" V//A) preamplifiers with 300 kHz bandwidth and
2 MHz sampling allow us to study quasi-coherent modes like Geodesic Acoustic Modes (GAMs) and Alfvén
Eigenmodes (AEs). The spatial location, poloidal rotation velocity and mode numbers for GAMs and AEs were

studied in the core plasmas.
PACS: 52.35.Mw, 52.35.Ra, 52.55.Fa

INTRODUCTION

HIBP [1, 2] is well known as a unique tool for the
direct measurement of the plasma potential in the core
plasma of toroidal fusion devices. HIBP successfully
operated in the middle-size tokamaks like TEXT, JIPPT-
2U, JFT-2M and stellarator CHS, and also in smaller
devices like TJ-1 tokamak and WEGA stellarator [3].
Now HIBP is in operation in the TUMAN-3M and
ISSTOK tokamaks, MST reversed field pinch and LHD
stellarator. There are also proposals to install HIBP in
the W7-X stellarator and COMPASS tokamak and also
preliminary proposals for ITER. On top of that an
advanced HIBP routinely operates in the T-10 tokamak
[4] and TJ-11 stellarator [5]. This paper is focused in the
recent HIBP advances performed at these two machines
directed to study of quasicoherent modes like Geodesic
Acoustic Modes (GAMs) and Alfvén Eigenmodes
(AEs). GAM is a high frequency branch of the Zonal
flows, which are considered to be a turbulence self-
regulation mechanism [3]. There are also GAMs, which
are excited by supra-thermal electrons or fast ions,
appeared due to NBI heating, the so-called e-GAMSs.
AEs are magneto-hydrodynamic instabilities, excited by
fast electrons or by fast ions appeared due to NBI or
ICRF heating. AEs may affect the fast ion losses and
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also thermal particle losses, so affect the plasma
confinement. AEs excited by fusion alphas may be
dangerous for the plasma performance of future
reactors. It was found that GAMs are the low-frequency
limit of AEs. The importance of the GAMs and AEs for
plasma confinement and the links between them claim
for the diagnostic tool to study directly GAMs and AEs
in the core plasma regions of fusion devices. GAMs are
pronounced mostly in the plasma potential, so the
application of HIBP for the GAM studies is quite
natural. AEs, as the electromagnetic oscillations
propagating along the magnetic field lines, manifest
themselves as oscillations in plasma electric potential,
poloidal magnetic field and also in plasma pressure
(density). The ability of the advanced HIBP to measure
these three quantities simultaneously makes it an
effective tool to study AEs, their properties and location.
The paper discusses the diagnostics capabilities and
limitations and gives the survey of recent studies of
GAM in T-10 and AE in TJ-I1.

1. MULTICHANNEL ENERGY ANALYZERS
IN T-10 AND TJ-11

HIBP is a direct diagnostic for studying the electric
potential ¢ and its oscillations. It was recently upgraded
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to the 5-channel energy analyzer, presented in Fig. 1. In
both T-10 and TJ-1I the analyzers with similar design
are in operation now.

Fig. 1. The five-slit energy analyzer. B — beam;
D —detectors; G — grid; GP — ground plate;
HVP — high-voltage plate; W — window;
5-S —entrance slits

This new analyzer with 5 entrance slits allows us to
carry out simultaneous measurements of plasma
potential, density fi, and By in 5 neighboring sample
volumes. The adjustment procedure were performed to
get the location of sample volumes as close as possible
to desired magnetic flux surfaces that allows us to
estimate the local value of poloidal electric field

Epol :(¢71' (/)2)/6)(: (1)
where, 8x ~1 cm. This limits the poloidal wave vector,
ko< 3 cm™. The radial ExB drift velocity is

V= EpoI/Btor- 2
Finally, the radial turbulent particle flux is

I () = AV, =1/By (1) Epol(t) = It.s. (3)

For the analysis of the flux dynamics in arbitrary

units, or for frequency spectra analysis, the relative data
for density oscillations &n, (t) =1, (t)/1, is sufficient. In
the low-density case, for the estimation of the absolute
value of I't.g(t), A, may be replaced by f,(t). In the
higher-density case, one should take into account the
attenuation effect by the expression:
A, =10 /1, -, where oscillatory component i /1, is
measured by HIBP and normalization factor n is
provided by other diagnostics like interferometry. This
way allows us to extract I't,g for the first time in the
core plasma of the T-10 tokamak [6] and the TJ-I
stellarator [7].

2. GAM STUDIES IN T-10

Basic principles of HIBP measurements of plasma
parameters were described in [8] in application to
GAM. In T-10 we use TI" ions with energy E, up to
280 keV. Varying the beam energy and entrance angle
into the plasma, we can scan the sample volume
spatially and form the detector grid — the observation
area in plasma. For each slit of the energy analyzer (see

t
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Fig. 1) the spatial resolution < 1...2 cm and temporal
resolution <5 us was provided at the radii 6 < r < 30 cm
for By, < 2.1 T [9]. GAMs are typically observed as a
pronounced monochromatic peak in the frequency
power spectra of electric potential ¢ in the core plasma
and at the edge as well [10], as presented in Fig. 2.
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Fig. 2. Power spectrogram of plasma potential with
pronounced main GAM peak and satellite, evolving in
time (a); time evolution of the line-averaged density (b);
two examples of the power frequency spectra (c);
showing the robustness of the spectral structure of GAM

The cross-phase analysis [11] of the potential
perturbation measured simultaneously in two sample
volumes, separated poloidally at the same magnetic
surface, shows that poloidal mode number of the GAM
is zero over the observation area, as presented in Fig. 3.

0,6 . . . . 3
04t 12
B o2t 11
(=~}
£ 00 e —%\%\ 10 g
= ——
"
o 02} 11
12
[
<
Q .04} 4-2
0,6 L L L L 3
0,5 0,6 0,7 08 0,9
p

Fig. 3. Phase shift and poloidal mode number of GAM
oscillations measured by 5-slits analyzer
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Fig. 4 shows cumulative data over all discharges with
Ohmic and ECR heating at different currents 140 < /, <

300 kA and densities 1x10" m™ < n, < 6x10" m™. Fat
red line corresponds to theoretical prediction:

£ = ﬁ./ﬁzm Tm - @)
T

dashed lines mark £10% deviations from (4).
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Fig. 4. Dependence of GAM frequency on the electron
temperature at the radius p = 0.7. Cumulative data over
all discharges with different currents 140 kA<I,<
300 kA and densities 1x10*° m3< n,<6x10" m~are
marked by symbols of different sizes and colors. Lines
correspond to the theoretical square root

f <. dependence on T, with 10 % variation
Fig.4 shows the overall agreement of the
observation  with  theoretical prediction  within

experimental accuracy. It was also shown with HIBP
that GAM has almost constant frequency over almost
whole radial range, which suggest the character of the
global eigenmode [12].

3. AE STUDIES IN TJ-I11

Due to its capability to measure simultaneously
potential, By and density oscillations, HIBP is the most
direct diagnostics to study AE [12], an electromagnetic
wave, propagating along the magnetic field lines of
plasma configuration and producing the oscillatory
components of E,, By and plasma pressure (density).
AEs are visible in all three HIBP parameters as
presented in their spectrograms in Fig.5. Various
modes, marked with numbers are clearly detectable in
the NBI heated phase of the discharge [13]. The time
evolution of the mode frequencies follows the Alfvén
law:

5 k, N

fre ®—~—. 5
e ® 5 ©)

The spatial scan of the sample volume allows us to find
a radial location for each mode, as shown in Fig. 6 [14].
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Fig. 5. PSD spectrograms of HIBP (p = -0.5) and
Magnetic Probe (MP) signals in arb. units. Alfvén
Eigenmodes are pronounced: on the total secondary
beam current I, proportional to n, (a); on the potential
¢ (b); on the toroidal shift of secondary beam ¢
proportional to By (C); on the MP signal (d). Yellow
curve in (d) shows the line-averaged density n,
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Fig. 6. The AE radial distribution measured by HIBP

radial scan: the spectrogram of plasma density

perturbation obtained by the radial scan from pg, = 1 at

LFS to psy = -1 at HFS (a); the time traces of the mode

amplitude (blue) (b); corresponding to the frequencies
in the marked range of panel (c); #4c (0) (red),

and psy (black)

CONCLUSIONS

HIBP was recently upgraded with the multichannel
energy analyzer in T-10 and TJ-1l. These advanced
HIBPs appear to be the effective tool to direct internal
study of GAM and AEs. The recent HIBP data proves
the identification of GAM and AEs and provides the
new data of the mode features, poloidal strictures and
spatial location.
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SOHANPOBAHME ITYYKOM TAXKEJIBIX HOHOB - METOA UCCIEJOBAHUA TEOJE3NYECKHX
AKYCTHYECKHUX U AJIb®BEHOBCKHUX MO/l HA TOKAMAKE T-10 U CTEJIUIAPATOPE TJ-1I

A.B. Menvnuxkos, JI.U. Kpynnuk, X.M. bapkana, A. bpaeo, A.A. Umuwica, I.H. /lewxo, M.A. /I[pabunckuit,
JLI. Enucees, K. Hoanvzo, ®@.0. Xaoanos, H.K. Xapues, A./]. Komapos, A.C. Kozauex, C.M. Xpeomos,
X JIone3, C.E. JIvicenko, A. Monunepo, X.JI. oe Ilaonoc, M.B. Ygumuyes, B.H. 3enun, A.U. Kesxncepa

3onaupoBaHne MydkoM TsDKENBIX HoHOB (3[ITU) sBisiercss yHWKAIbHOW IUATHOCTUKOW IUIS HCCIICIOBAHUS
MOTEHIMada Tops4el IUla3Mbl, OHa paboTaer Ha Tokamake 1-10 wu cremmaparope TJ-1I. Muoromenessie
aHAJIM3aTOPHI MTO3BOJITIOT OJTHOBPEMEHHO OIPEAEIATH NMOTEHIMAN, INIOTHOCTD M MOJIONIAIFHOE MarHUTHOE T10JIE B
ITH TOYKaX M3MEPEHHUsS B IIIa3Me, YTO ITO3BOJIAET HAWTH MOJIOMIAIBHOE 3JIEKTPUYECKOE I0Je M TypOyJICHTHBIN
noTOK yactull. Xopowo chokycupoBannsle (< 1 cm) naTeHCHBHBIE (100 MKA) My4YKH MO3BOJISIOT BECTH H3MEPEHUS
B IIMPOKOM HHTepBaie mioTHocTeil Ne=(0.3...5)x10" M®, a cucTema ynpaBieHHs NMEpBHYHBIM H BTOPHUHBIM
myykaMu oOecriedrBaeT W3MEpPEeHHs B Tpeaenax u3MeHeHus mapamerpoB 1-10 u TJ-Il, Brmrouas pexumbr
OMHYECKOr0, DJIEKTPOHHO-LIUKIOTPOHHOTO M HMHXXEKIMOHHOTO HAarpeBOB IUIa3Mmbl. VcciemoBaHbl reoje3udeckue
aKyCTH9eCKHe MOJBI M aTb(PBEHOBCKHE COOCTBEHHBIE MOJIBI yacToToH 10 300 kI 1I.

3OHAYBAHHS ITYYKOM BAXKKHUX IOHIB - 3ACIB JUIA JOCJIL’)KEHHS TEOAE3UYHUX
AKYCTHUYHUX TA AJIb®BEHOBCBKHUX MO/I HA TOKAMAII T-10 TA CTEJAPATOPI TJ-11

O.B. Menvnikos, J1.1. Kpynnix, X.M. bapkana, A. bpaeo, O.A. UYnmuza, I M. Jlewmko, M.A. /Ipabuncovkuii,
JLI. €nicees, K. Ioanvzo, @.0. Xabanos, M.K. Xapues, 0./]. Komapos, O.C. Kozauox, C.M. Xpeomos, X. J/Iones,
C.€. JIucenko, A. Monunepo, X.JI. oe Ilaonoc, M.B. Y¢himyes, B.M. 3enin, O.1. Keacepa

3onayBaHHS mydkoM Baxkux ioHiB (3IIBI) € yHikanbHa crcremMa MiarHOCTHKH ISl TOCTIKCHHS MOTEHIIaIy B
rapsdid Tiasmi Ha Tokamari T-10 ta cremapatopi TJ-1l. Ananizatopu 3 6aratoro KigbKiCTIO anepTyp 03BOJISIOTH
OJTHOYAaCHO BHMMIPIOBATH IIOTEHIia)], TYCTMHY Ta IOJIOilaJlbHE MarHiTHe MHoie y ISTH 00’eMax IuIa3MH, LI0
JI03BOJISIE 3HAWUTH MOJOINaJbHE eNeKTPUYHE Mojie Ta TYpOyJNeHTHHI MoTik yacTok. ['apHo cdokycoBaHi (< 1 cm)
inTencuBi (100 MKA) IydKH J03BOJISIOTH NPOBECTH BHMIIOBAHHS B MIMPOKoMY inTtepBami Ng=(0.3...5)x10" M3
T'YCTHHH, a CUCTEMa KEpyBaHHS NMEPBUHHUM Ta BTOPMHHHUM ITyYKaMH 3a0e31euye BUMIPIOBaHHS Y MeXax Jiarna3ony
3MiHn nmapametpiB T-10 Tta TJ-ll, sxi BriodaroTh y ceGe peXMMH OMIYHOTO, €JIEKTPOHHO-IMKJIOTPOHHOTO Ta
IHKEKIIIHHOTO HATpiBiB TuIa3MH. J{OCIiIKEHO Te0Ie3UIHI aKyCTHYHI MOAHX 1 anb()BEHIBCHKI KOJHMBAaHHSI O0COOUCTOT
Mo yactoToro 10 300 k.
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